Abstract CPG (Central pattern generator) is a dynamical system of coupled nonlinear oscillators or neural networks inspired by a control mechanism in animal bodies. Without any rhythmic inputs, the CPG has the ability to produce oscillatory patterns. This paper presents a novel structure of a CPG network which can produce rhythmic motion that imitates movement of animals such as snake and lamprey. The focus is on the locomotion control of a snake-like robot, where phase oscillator has been adopted as the dynamical model to control the harmonic motion of the CPG network. There are two main points addressed in this paper: (1) simple network structure of unidirectional coupling oscillators, and (2) a single parameter to control the body shape and to control the forward and backward movement of the snake-like robot. The proposed CPG network is designed to have a simple structure with less complexity, less mathematical computation, fast convergence speed and exhibit limit cycle behavior. In addition, a new parameter, τ is introduced to control the smoothness of the CPG N. M. Nor · S. Ma (B) Department of Robotics, Ritsumeikan University, Kusatsu, Shiga, Japan e-mail: shugen@se.ritsumei.ac.jp N. M. Nor e-mail: gr0119hx@ed.ritsumei.ac.jp output as well as the speed of the snake-like robot. Simulation and experimental results show that the proposed CPG network can be used to control the serpentine locomotion of a snake-like robot.
Introduction
Central pattern generator or CPG is a neural network that exists in spinal cords of living animals which is used as activation signal for muscle contractions in animals. Without any rhythmic inputs from sensory feedback or from higher control centers, the CPG can produce coordinated patterns or rhythmic activity [1] . The bionic control process is shown in Fig. 1 .
By applying CPG concept as the control mechanism of some biological robots, we can imitate the rhythmic locomotion such as walking, crawling and swimming. From control point of view, the control architecture of biological robots can be categorized into three architectures: (i) sine based, (ii) model based, and (iii) CPG-based. The first two categories are the conventional methods, while the CPG-based is the alternative method that use dynamical systems of coupled nonlinear oscillators. The advantages of CPG-based approaches are due to their low computational cost, Fig. 1 Bionic control process [1] exhibits limit cycle behavior and parameters that have clear relationship with the output. Further reading on the comparisons between these three control architecture can be found in [2] .
This paper contains some parts of Nor's [3] work which focus on the locomotion control using CPG network for a snake-like robot. It is known that natural snakes can perform various locomotion shapes depending on its surrounding where its locomotion can be classified into four categories namely serpentine, sidewinding, rectilinear and concertina. The typical locomotion of snakes is the serpentine locomotion, which can be described as S-shape movement [1, 2, 4, 5] . For serpentine mode, each part of the snake body makes similar tracks, which is the most efficient among all modes [5] . Therefore, the main focus of this paper is to mimic the S-shape movement of the natural snakes into our snake-like robot using our proposed CPG structure.
Based on the superiority of the natural snakes movement, many researchers have developed snake-like robots with various control designs. Most of researchers focus on controlling the locomotion of moving forward and/or backward of mobile robots with rhythmic movement patterns using CPG-based control. Zhou and Low [6] designed locomotion control of a fish robot with fin propulsion. The CPG-based control method illustrates a way to switch motion patterns by simply tuning corresponding parameters. But, their CPG network is not suitable to control locomotion of a snake-like robot. Crespi and Ijspeert [7] utilized CPG-locomotion control for online optimization of amphibious snake robot. They utilize bidirectional CPG coupling which complicates the CPG structure. Lu et al. [8] analyzed snake-like robot controlled by cyclic inhibitory CPG model where all the parameters of the CPG are fixed during the locomotion. Wu [9] improved the CPG connection model and analyzed the effect of CPG parameters to the CPG output without changing any parameters at any time instance. Tang and Ma [10] proposed a self-tuning multi phase CPG which enables the snake-like robot to adapt to environments. All of these papers have either of the drawbacks: (1) complicated CPG networks, (2) high computational cost, and (3) complex interneurons connection to produce rhythmic output.
To overcome all the above mentioned drawbacks, a novel CPG network so-called unidirectional coupling oscillator with simple structure is proposed. Phase oscillator is adopted as the dynamic model representing our CPG coupled oscillators. There are other types of oscillators such as van der Pol, Stein, FitzHugh-Nagumo [11], Matsuoka oscillators [9] and Hopf oscillator [6, 12] . All of the mentioned oscillators have its own drawbacks. For instance, the mathematical model of the Matsuoka oscillators provides several parameters that influence the CPG output. Some of the parameters are interrelated to each other and need to follow some numerical conditions [9] . It makes the robot's control become complicated and difficult. Meanwhile, for Hopf oscillator, the coupling terms between oscillators need to be further derived from the nonlinear differential equation [6] . In contrast, the phase
